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An advancedconcept,in-situMHD conversion,
is describedfor convertingfusionenergyto
electricity.Considerablecost savingscan be
realizedbecauseof the conversionof thermal
energyto electricityachievedin the blanket
by means of magnetohydrodynamic(MHD)
generators. The externaldisk generator,alSO
described,is anotherapplicationof the MHD
idea,which may have certainadvantagesover
the in-situschemefor advanced-fueltokamaks.
The featurethatmakes theseschemesfUSiOn-
specificis the novel use of the electro-
magneticradiationnaturallyemittedby the
plasma. The synchrotronsradiationcan be used
eitherto heat the nonequilibriumMHD plasma,
or possiblyimproveits stability. A Rankine
cyclewith cesium-seededmercuryas a working
fluid is used in eithercase. Performance
predictionsby a quasi-one-dimensionalmodel
are presented. An experimentto determinethe
effectof microwaveradiationon channel
performanceis planned.

1. INTRODUCTION

In this paper,an advancedconcept,
in-situMHD conversion,is described for
convertingthe energyreleasedby fusioninto
electricitywithoutrelyingon the conven-
tionalbalanceof plant (BOP). The conversion

T is achievedin the blanket(i.e.,“in-situ”)
by means of magnetohydrodynamic(MHD)
generators. Considerablecost savingscan be

i realizedby eliminatingthe standardexternal
power conversionequipment,associatedpiping,
and buildingand land costs. Most fusion

1,2
reactordesignstudies arriveat a direct
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twice the cost of a
of the same power

output. The fusionreactoris as expensiveas
the BOP; for fission,the reactorcore costs
abouta tenthof the BOP. Fusionproponents
arguethat the low cost of fuel and
environmentaladvantagesof fusionwill make
it a legitimatecompetitorin the timeframeof
its introductionas an energysource. While
theseargumentsare certainlyimportantones,
if the capitalcost couldsomehowbe reduced
to the levelsof fission,an even stronger
argumentfor fusioncouldbe made. The
fusionreactoritselfis a complex,expensive
pieceof equipment;reducingits cost by large
factorsmay provedifficultwith our present
of knowledge. Here,we seek largefactorsof
cost’reductionby takingthe approachof
reducingthe cost of the power conversion
system.

The featurethat makes the schemefusion-
specificis the use of the synchrotrons
radiationnaturallyemittedby a hot,
magneticallyconfinedplasma. For a
deuterium-tritium(D-T)fuel cycle,the
magneticfieldsand plasmaparameterscan be
chosenso that the synchrotronspower is about
10% of the fusionpowerat moderatepower
density. For advancedfuels,in particular
the deuterium-helium-3(D-He3)cYcle (fueled

by He3 obtainedfrom lunarsources),3 this
power can be a much largerfractionof
the fusionpower,up to 40%. This radiation
can eitherbe used to superheatthe working
fluidat the entranceof the generator,or can
be appliedalong the lengthof the generator
to enhancethe performanceof the MHD energy
conversionprocess. Thermodynamicarguments,
as well as the resultsof our model
calculations,indicate that if the onlY
benefitof usingthe radiationis to heat the
MHD workinggas, then it is betterto use it
to superheat. If instead,the radiationdoes
somethingto the propertiesof the plasmain
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the channel, for example improves its
stability, then it may be better to partition
it for both superheating and heating along the
channel. Based on our current understanding,
our channels do not fall in the proper regime
to take credit for stabilization, but
experiments may prove otherwise.

We have devised several ways to use this
in-situ concept in both tokamak and mirror
geometries, for both D-T and D-He3 fuel
cycles. The original idea used Faraday
generators in the mirror geometry, shown in
Fig. 1. More recently, the idea has been
adapted to the tokamak geometry, shown in Fig.
2, with limited success, due to the large
number of MHD generators required. For
comparison to the in-situ scheme for the
tokamak gecmetry, we are also considering a
single large disk-Hall generator, which is
located below the reactor floor coaxially with
the tokamak’s major axis. For reasons
discussed in Section 5, this scheme may have
important advantages over the strict in-situ
embodiment of the concept in the case of
advanced fuel cycles, such as D-He3.

A ccxnputercode has been developed, as
described in Section 3, to calculate
parameters of the various MHD generators

considered in the study. The quasi-one
dimensional fluid equations with MHD body
forces and plasma-related equations are solved
as a function of the coordinate along the
channel. Coupled to this is a thermodynamic

calculation to determine Rankine cycle
efficiencies, enthalpy extractions, and

generator efficiencies. Examples of the
results of these calculations for Faraday-type

generators are shown in Tables 1 and 2, and
are discussed in Section 4.

An experiment is being designed to test the

idea of using synchrotrons radiation to enhance
the performance of an MHD generator. The

experiment would examine the effects of

aPPIYing the radiation as superheat, as well
as applying it along the channel. The
frequency of radiation would be based on
predictions of our present theories so that a
stabilizing efPect would be observed.

Section 6 is devoted to conclusions, and
areas for further work. Although this concept

is currently in an embryonic state, its
potential benefit in making fusiOn

economically competitive warrants a much
closer look at its engineering and economic

feasibility.
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Figure 1. Basic in-situ MHD concept for MiNOr geIUOetFY.
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Figure2. In-situconceptappliedto tokamak
geometry.

2. THE BASIC IN-SITUSCHEME

Figure 1 shows the in-situ MHD blanket
conceptusingthe Rankinethermodynamiccycle.
Thermalenergyfrom the fusionreactionis
used to boil and, in D-T reactorcases,
superheata workingfluid in the blanket. The
superheatingwould be done in an intermediate

pebblebed regionwhere the thermalenergy
heatingthe pebbleswould be frcznthe
neutrons. In a D-T reactor-20-25%of the
total blanketneutronand gamma heat can be
generatedin a high-temperaturepebble-bed
zone behinda tritium-breedingblanketzone.
For example,this is sufficientto superheat
mercuryvapor to ‘1750”K.

The electromagneticradiationfrom the
plasma,in the form of synchrotronsand
bremsstrahlung,can be used in severalways.
The bremsstrahlung,becauseit is readily
absorbedin walls,will be part of the thermal
energyfrom the fusionprocess,which will
contributeto the boilingof the working
fluid. The synchrotronsradiationcan be used
to superheatthe gas at the inletof the
channel,or can be routedto variouslocations
along the MHD duct.

The way in which the synchrotronsradiation
coupleswith the MHD duct plasmais through
the mechanismof electronoscillationin the
electricfield of the wave. The electrons
then transfertheir energyto the gas atomsby
means of electron-neutralcollisions. This
featuremakes the heatingquite uniquebecause
we may have more controlover the spatial
depositionprofileof the synchrotronsinput
powerthan we have in conventionalmethodsof
heatinggas. Since this portionof the
thermalenergydoes not paas througha
materialwall by conduction,as with other
superheatingschemes,the prospectsfor

Table 1. Impactof X on systemperformance:localdeposition.

Case No. X R ‘in ‘in ‘out
Cycle efficiency

(atm) (m) (°K) (%)

1 0.0 51 0.72 0.34 665 27.2 (20.9)
2 0.2 90 1.33 0.25 765 30.3 (22.8)

3 0.4 115 1.83 0.21 916 32.0 (24.0)

Table2. Impactof X on systemperformance:Superheat.

Case No. X Tin R pin H T Cycleefficiency
out out

(“K) (atm) (m) (“K) (%)

4 0.2 2000 58 0.71 1.7 674 31.4 (25.6)

5 0.5 2750 80 0.75 2.0 736 41.0 (35.6)
6 0.7 3750 130 0.90 5.3 783 50.0 (43.0)
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keepingthe materialtemperaturesreasonable
while achievinghigh gas temperaturesis much
improved.

The generatoris locatedin the back region
of the blanket,which is made of materials
that can withstandthe temperaturesrequired
for efficientMHD power conversion(at least
1750”Kfor generatorsthat operatewith
nonequilibriumionization).The baseline
conceptuses a lineargeneratorwired in the
Faradayconfiguration,where two opposite
walls comprisethe electrodes,and the power
extractingvoltagedrop occursbetweenthese
electrodewalls,perpendicularto the gas flow
direction. The enthalpycontainedin the gas
is extractedin the mannerusual to MHD, and
the workinggas (typicallymercuryvapor
seededwith a small amountof cesium)is
condensedafter the generatorexit. A liquid-
metal MHD pump is used to returnthe working
fluidto the frontof the blanket. The MHD
pressuredrop and stressproblemsassociated
with pumpingthe liquidmetal acrossmagnetic
fieldlinesmust be addressed.

It is importantto understandwhy we chose
the Rankinecycleover the Braytoncycle. A
completeRankinecycle can be containedin a
relativelysmallvolume. A Rankinecycle
resultsin a simplerdesignwith reduced
piping(undoubtedlynuclear-grade)and
structures. This translatesto increased
availabilityand reducedcosts. Anotherpoint
is that becausethe Rankinecyclerequiresno
10SSYand expensiverecuperatorsand
compressors,the real cycle efficienciescan
be made closerto ideal. For Rankinecycles,
most of the heat transferis in the boiling
process,which resultsin lowermass flow
rates throughthe blanketbecausethe enthalpy
of vaporizationis typicallylarge for
candidateworkingfluids. However,liquid
metalsmay pose a seriousMHD pumpingproblem,
as mentionedabove.and some solutionsuch as

the use of mist flow4may be required.

There are three basicrequirementsfor
high-efficiencyRankinecycles. First,the
cyclesneed large stagnationpressureratios
betweeninletand outlet (frcnn30 to >100)to
achievegood efficiency. The physicalsize of
the condenserplacesa lowerlimit on the exit
pressurefor a givenmagnetand blanket
geometry. Second,the cycleneeds high
temperatureto work efficiently. Third,the
cyclemust use superheatedvapor,to keep the
localtemperatureabove the dew point. This
latterconcernis especiallytrue for MHD
channelssincedropletsshouldnot be allowed
to Porm anywherein the duct,to avoid
quenchingthe nonequilibriumionization.

Isotonicallytailoredmercurythat is
seededwith cesiumwas chosenas the working
fluidfor these initialcalculations.
Isotopesare eliminatedthat inhibittritium
breedingand that createlong-lived
radionuclides.We chosemercurybecauseit
was the liquidmetal with the lowestboiling
pointat pressuresof interest. For many
materials,the superheateddry vapor does not
pose a material-compati-bilityproblemas
long as free oxygenis eliminatedfrom the
system. Mercuryhas a large ionization
potential(10.8eV) and has an electron-
energy-level structurethatmakes line
radiationsmalluntil the electrontemperature
gets aboveabout 5000”K.

3. COMPUTERMODEL

For the purposesof evaluatingpossible
channeland cycleoptions,we have been
developinga steady-state,quasi-one-
dimensionalcode to model the performanceof
an MHD generatorcoupledto a Rankinecycle.
We have triedto keep the code general. It
can model seededplasmaswith both equilibrium
and nonequilibriumionization,with the choice
of workingfluidand seed atom arbitrary. The
generatorgeometryis also flexible;linear
generatorswired in either the Faradayor Hall
configurationcan be modeled,as well as the
disk-Hallgeometry.

The code solves the one-dimensionalforms
for the equationsof continuity(bothmass and
current),energy,and momentumalongthe duct.
At each pointalongthe generator,several
auxiliaryequationsare solved. The Saha
equilibriumequationsare solvedfor both the
singly-ionizedseed and parentgas atoms.
Also solvedis an electron-energybalancethat
containsheat sourcesresultingfrom
synchrotronsradiationand joule heating,and
sinks resultingfrom electron-neutraland
electron-ioncollisions,as well as line
radiation. Finally,a calculationof the
effectiveelectricalconductivityof the
channelplasmais performed. This takes into
accountthe finitepitchof electrode
insulatorpairs in the Faradaycase,as well
as the reductionin conductivitydue to .
nonuniformitiescausedby electrothermal
instabilities.A stabilityformalism

summarizedby Solbes5is used,with .
modificationfor the case when the spectral
shape of the synchrotronsradiationis

favorablefor stability,6as well as the case
when the parentgas becomesappreciably

ionized.7

In the basic
solve,we try to

differentialequationswe
put in some realismby
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includingquasi-one-dimensionalmodelsof the
frictionand heat transferlosses. These
modelsare adequatefor a scopingstudyof
large generators,but for smallexperimental
ducts they tend to be too pessimistic.We
presentlyincludethe electrodevoltagedrop
acrossthe duct boundarylayer parametrically
sincewe have as yet no models in the code to
computethe boundarylayer profileswhichare
importantin determiningthis voltagedrop.
Our philosophyhas been to keep the modeling
simpleinitially,yet try to includethe major
effects.

i
4. FARADAY-GENERATORCALCULATIONS

The computercode describedabove has been
appliedto answerthe questionof how the
cycle efficiencyimproveswhen synchrotrons
radiationis addedto the MHD generatorcycle
in two differentways. In the firstset of
calculations,the inletstagnationtemperature
was held constantat 1750°K,and the ratio of
the localsynchrotronspowerdensityto
electrical-powerdensitygeneratedX was
varied. A secondset of casesalso variedX,
but used the powerto superheatabovethe
nominal1750°Kat the inlet. The efficiencies
in parenthesesare those calculatedassuminga
large (100V) drop in the electrodeboundary
layer;the other efficienciesare for no
electrodevoltagedrops. The benefitof the
synchrotronsradiationis assumedto be only as
an additionalsourceof thermalenergyto heat
the electrons. The constraintsimposedare a
fixed generatorlength (2.5m), mass flow rate
(15kg/s),inletMach number (2.0),and outlet
Mach number (-l). An additionalconstraintis
that the enthalpyflow at the generatorinlet
dividedby the generatorexit area is held

fixed at 1.1 MW/m2,which is approximately
equivalentto fixingthe first-wallloading.
A final constraintimposedis that the local
staticgas temperatureremainabove the
saturationtemperatureat all pointsalong the
duct. To satisfythese constraints,the inlet
stagnationpressure,stagnationpressure
ratio,inletchannelheight (channelsare of
squarecrosssection),and cesiumseed
fractionare varied. Tables 1 and 2

● show the resultsof thesecalculations.

Theseresultsare plottedon Fig. 3, which.
shows the relationshipbetweenefficiencyand
synchrotronsfractionfor the two methodsof
usingthe synchrotronsradiation,for the case
ignoringthe electrodeboundarylayer voltage
drops.

Figure4 shows typicalplots of variousMHD
channelparametersas a functionof channel
length.

I I I I I I

0 Alongduct

A Inletsuperheat

“o 0.1 ().2 0.3 ().4 0.5 0.6 0.7

3ynchrotron fraction, X

Figure3. Cycle efficiencyas a functionof
synchrotronsfraction.

First note from both Fig. 3 and Tables 1
and 2 that the superheatingmethod is
preferableto the local depositionscheme,
giventhe assumptionin the calculationthat
the synchrotronsradiationacts only as a heat
source. For case 6 with X = 0.7, which is not
out of the questionfor an advancedfuel
application,the cycle efficiencylies between
43 and 50$. Recallthat the uniquefeatureof
synchrotronssuperheatinga gas is that it
allowsus to selectivelyheat the core flow;
hence,the materialwalls can be much cooler
than 3750”K. In both tables,note that an
importantbenefitof the radiationis to allow
expansionto a largerstagnationpressure
ratioR and stillremainabove the dew point.
Table 1 shows that the inletchannelheight
must get smallerand the inletpressurelarger
as the synchrotronsfractionincreases. The
constraintof constantgenerator-exitheat
load fixes the outletheight,so the channels
are more flaredat the highersynchrotrons
fractions. Greaterflaringat higherX is
also true for the superheatedcases.

Note the strongeffectof the electrode
boundary-layervoltagedrop in computingthe
power extractedin theserelativelysmall
generators;the cycle efficiencycan be
loweredby as much as six or seven percentage
points.

High cycle efficiency
increasesin the channel
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Figure 4. Channelparameterprofilesfor
case 2.

characteristicsharedby other efficienthigh-
pressure-ratioenthalpy-extractingdevices,
such as turbines. Figure5 comparesthe MI-ID
channelcrosssectionsfor the cases in Tables
1 and 2.

The cases 1-3 show that when we heat along
the duct and observethe described
constraints,the gas temperaturechangefrcnn
inletto outletis smallerthan if no

radiationwere used.The enthalpyextraction
then,from the classicdefinitionrelatingit
to a temperaturedifference,actuallyis less
when synchrotronsis present. Where we gain
the modest improvementin efficiencyis in our
ability: (1) to expandto a higherpressure
ratiowhile still stayingabove the dew point,
(2)to use a higherlocalload factoralong
the channel,(3) to increaseheat available
for preheatingthe liquid (regeneration),and
(4) to convertwith MI-IDthe radiationheat
input. On the other hand, the introductionof ?
the radiationcases4-6, to give the high
superheattemperatures,allowsthe inletto
outletAT to becomemuch larger,up to
3000”Kfor case 6.

.
This explainsthe dramatic

improvementin efficiencywhen synchrotronsis
used to heat the gas at the generatorinlet.

5. AN EXTERNALDISK-HALLGENERATOR

Figure6 is a simplifiedsketchof another
way to use MHD generatorsin a fusion
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0.34 m 1.56m

T L Qw&=0.27

case 2

1

a

~;: 0.2
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T i nw* = 0.30
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a
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Figure5. Channelcross-sectionprofilesfor
cases 1-6.
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!Vgure 6. External disk generator.

application. The idea could have advantages
for implementation in a tokamak gecinetry,
where the space for generators is particularly
limited. Most of the superheating can be done
with synchrotronsradiation if we want to keep
the blanket temperature low since the
superheat region now occurs outsi tie the
blanket. This probably limits the use of this
scheme to reactors using advanced fuels
because much more synchrotrons will be
available in these devices.

Note that the hot-leg pipe of the mercury
loop can also serve the function of the
waveguide to transport the synchrotrons
(microwave) radiation. The electrical
conductivity of mercury vapor is quite low at
the gas temperatures in the pipe, and the
operating pressures and microwave frequencies
are high enough that breakdown i n the
waveguide is not expected to be a problem.
Consequently, absorption of the microwaves
occurs only in the seeded gas, and seeding
will occur in the superheating chamber
indicated in Fig. 6. Loss of synchrotrons
power in the waveguide due to skin effects in
the wall has been examined and found to be
small (5$ for a run of 45 m) for a square
channel with dimensions of 1 m or so.

Because of the very high temperatures in
the superheating chamber, i t would most
probably be made of some kind of ceramic
mat eri al. The cold leg of the loop would
incorporate preheat of the liquid mercury from
the heat loss on the walls of the generator.
Maintenance of the generator would be
accomplished by means of specially-designed
machines which would gain access by means of
an elevator.

The external diSk has several advantages
when ccmpared to the in-situ Faraday
generators. The disk-Hall generator might be
better because it has no electrode WallS. One
of the assumptions implicit in using the
Faraday generators in the in-situ scheme is
that the electrode-wall problem can be solved
by careful choice of materials and operating
modes. A major concern in regard to the
Faraday generators is the shorting of the
Faraday current in the electrode boundary
layer. The results of twenty-five years of
research in linear generators indicate that

8
this is a difficult problem, particularly for
the nonequilibrium supersonic generators we
propose here. The data obtalned by the

Japanese using the Oisk-11 generatorg
employing nonequilibrium ionization in
supersonic regime supports the ability
disk to perform under our conditions.

Work by Hoffma”10 shows that as the

the
of the

power
out put of a nonequilibrium Faraday generator
increases, the generator efficiency improves
dramatically. We show the same to be true for
nonequilibrium disk generators. The
improvement is related to the diminished
importante of nonideal effects; voltage drops,
radiation, heat transfer, and frLCtiOn. Small
in-situ disks are dominated by nonideal
effects and have Poor performance. It iS
therefore advantageous to build generators
each of which will convert a large fraction of
the thermal power input. In the in-situ
scheme, each generator will convert only a
small fraction of the thermal power due to
size limitations, thereby not taking advantage
of the favorable size scaling. In the
external disk, all the power can be converted
by one or two generators, if desired.

Another important advantage of the external
disk generator is the reduced blanket
temperatures. Superheating in the chamber
directly in front of the entrance to the
generator will provide more than 2000°K of
temperature rise. This means that the blanket
temperatures can stay in the range of 700-
900”C, where materials issues have been more
extensively studied.

A related advantage of the external disk
generator 13 that without the MHO channel and
superheat regions in the blanket, more of the
blanket volume can be used for’heat transfer.
This should make the design of the blanket
more like ‘Conventional” fusion blankets, nOt
having to rely on all the heat being absorbed
in the first 30 cm.
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It is possiblethat these advantagesof the
externaldisk couldoutweighthe requirement
of a modest increasein pipingand the
purchaseof a few simplecircularmagnets.
Cost and feasibilitystudiesof both the in-
situ and the externalschemesmust be
performedto decidewhich one is more
attractive.

Table 3 shows the characteristicsof a
singledisk generatordesignedto convert
about3000 MW of thermalpower,consistingof
neutrons,plasmaconvectivepower,and
bremsstrahlung.The fusiondriverfor this
case is a 5000MW fusionpowerD-He3fueled
tokamak,producingabout 2000 MW of
synchrotronsradiation.

Table 3. Characteristicsof externaldisk
generator.

Parameter(unit) Value

Innerradius (m)
Outerradius (m)
Inletheight (m)
Outletheight (m)
Inletmagneticfield (T)
Outletmagneticfield (T)
Inletstagnationtemperature(°K)
Wall temperature(“K)
Outletstagnationtemperature(“K)
Inletstagnationpressure(atm)
Stagnationpressureratio

-4
Cesiumseed fraction (x1O )

InletMach No.
OutletMach No.
Electrodevoltagedrop (V)
Inletvelocityswirl ratio,Ui/Ur

Electrontemperature(°K)
Mass flow rate (kg/s)
Hall current(kA)
Enthalpyextraction(%)
Generatorefficiency(%)
Total heat inputto CYClt? (NW)

Electricalpower extracted(MW)
Cycle efficiency(%)

2.50
10.65
0.70
6.50
10.0
0.75
3250.0
800.0
1525.0
20.0
400.0

1.42
2.0
1.20
100.0
1.50

3500.0
6000.0
291.0
51.0
56.0
2900.0
1029.0
35.50

Note the large stagnationpressureratio
possiblewith this configuration.We operated
the code in a mode where the the electron
temperaturewas held constantat 3500”K,and
the magneticfieldwas tailoredto satisfythe
electron-energybalance. This facilitated
obtainingsolutionswith the required
performance. In the Faradaychannel
calculationswe describedearlier,the axial
profileof the magneticfieldwas fixed,and
the externalloadingwas adjustedinstead.

Becausethere is only one set of electrodesin
a disk generator,which meanswe have to
satisfyaxial currentcontinuity,this freedom
of choosingthe loadingwas not availableto
us. The computedfield profiledroppedoff
very rapidlywith radius,as did the
electricalpower density. However,
significantpowerwas extracted,becauseof
the volumeincreaseas the duct flaresout.

The cycle efficiencythus far obtainedis
modest,althoughthe enthalpyextractionsand
generatorefficienciesare rather good,by MHD
standards. For comparison,standardlight-
water reactor(LWR)cycle efficienciesare
similar,and a more advancedcyclelike that

in MARS2 is about 43%. What must be
rememberedis that a modestcycle efficiency
can be toleratedif the capitalcost is
greatlyreduced,which is the goal of the MHD
scheme. The efficiencyof the generatorcould
be improvedif the channelwere dividedinto
stages,with an intermediateelectrodeto
extractsome of the power. This would
alleviatethe axial currentcontinuity
constraintsomewhat,and allow the channelto
be run at a higheraverageloadingand
magneticfield,therebyextractingmore
electricalpower.

6. CONCLUSIONSAND FURTHERWORK

The in-situschemefor MHD energy
conversionappliedto fusionis a potentially
attractiveway to eliminatea large capital
cost item,the balanceof plant. Our present
assessmentof the conceptindicatesthat it
appearsworkable. The definitionof an
experiment,usingmicrowavesfor superheating
and for possiblestabilizationof
electrothermalinstabilitiesin the non-
equilibriumMHD generator,is a priority.
Channelmodelingmust continue,particularly
in the area of a more accuratetreatmentof
the boundarylayer,which is criticalin
predictingthe performanceof the
experimental-sizeducts. We must also begin
modelingthe microwave-gasinteraction,and
its associatedefficiency. Finally,a more
detailed conceptual
undertakento define
issuespertainingto
economicfeasibility
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